Results of electron momentum spectroscopy measurements on lead vapour at a total energy of 1000 eV are presented in conjunction with a theoretical analysis using relativistic structure calculations. The 6p-I transition is seen to be split, resulting in transitions to the 6p,/, and 6p,/, ion states. The measured branching ratio for these transitions is reproduced when a multiconfiguration Dirac-Fock wavefunction is used for the target ground state. The transition involving ejection of an electron from the 6s subshell is also seen to undergo significant splitting. The splitting in this case is mainly due to final-state configuration interaction, although a multiconfiguration target state must again be used to obtain detailed agreement with experiment. The measured momentum probability distributions for the 6p and 6s electrons agree with the orbital momentum distributions given by relativistic Dirac-Fock wavefunctions, although distortion effects are evident at high momenta for the 6s-' transitions. The corresponding non-relativistic Hartree-Fock momentum distributions are in poorer agreement with the data. An inner valence 5d-' transition is also seen, but the cross section is too small for detailed comparison with theory.
Introduction
The study of the electronic structure of heavy atoms is a subject of increasing interest at present. This is mainly due to the interplay between relativistic effects and Coulomb interactions. Relativistic effects not only influence the energies of the states, causing the energy levels to shift and split, but also influence the single-electron wavefunctions, thus altering the electron momentum probability distributions (Mitroy and Fuss 1982) . This is especially true for atoms in the sixth row of the periodic table. The inter-electron Coulomb interaction produces correlation effects, and experiments which probe the structure of heavy atoms should be able to expose details of correlation effects and those features of the structure which are caused by relativistic effects.
In this paper we present the results of a binary (e, 2e) experiment on lead vapour and compare the results with the predictions of both relativistic and non-relativistic structure calculations. Electron momentum spectroscopy (EMs)-also called the binary (e, 2e) reaction-is a well established technique for probing the structure of atoms and molecules Weigold 1976, Weigold 1982) and is capable of exposing details of both correlation and relativistic effects. High-energy electron momentum spectroscopy experiments allow a direct measurement of the square of the momentum space overlap between the target state and the final ionic state as well as the electron separation energies. The momentum distribution of the single-particle orbital (Hartree-Fock ( H F ) in the non-relativistic case) from which the electron has been ejected is 0022-3700/86/244063 + 12$02.50 @ 1986 The Institute of Physics often a good approximation to the momentum space overlap. This is the case when the target can be well described by an independent-particle-model wavefunction (say HF), and the interaction mechanism is well described in the framework of the plane-wave impulse approximation (PWIA) . In this case EMS also yields information about finalstate configuration interactions ( FCSI), since the relative intensities of the residual ion states that can be formed by the ejection of an electron from a particular orbital are (approximately) proportional to the square of the coefficient of the leading configuration in the configuration interaction (CI) expansion of the ion state. The leading configuration is that which is created by coupling a second quantised annihilation operator to the target H F configuration.
A different approach that can be used to extract information about the structure of atoms is the photoionisation process. There have been a number of photoelectron experiments on lead vapours studying photoionisation in the valence subshells (Siizer et a1 1975, Sandner et a1 1980 , Derenbach et a1 1984 and also in the 5d shell (Sandner et a1 1980 , Suzer 1980 , Derenbach et a1 1984 . While these experiments have yielded information on the structure of the lead ground state and lead ion excited states, quantitative structure information cannot be extracted directly from the experimental data owing to the low photon energies (typically s 40 eV) at which the experiments were performed. At these energies, the photoionisation matrix element still has a marked dependence on the outgoing electron energy, and channel coupling between the different outgoing channels is still important.
Theory
In the EMS experiment an incident electron beam with energy Eo and momentum po is used to ionise an atomic target, and the two outgoing electrons ( E , , pl; E2, p 2 ) are detected in coincidence. In general, the non-coplanar symmetric geometry is employed: El = E 2 , p1 = p 2 , O1 = O2 = 7r/4 and the out-of-plane azimuthal angle 4 = 7r -4 , -42 is varied in order to vary the recoil momentum. The separation energy cr of the transition to the final state ITf) is determined by conservation of energy:
(1) while conservation of momentum enables the determination of the ion recoil momentum:
At sufficiently high energies the plane-wave impulse approximation ( PWIA) can be used to describe the reaction. The non-coplanar symmetric triple differential cross section for a transition to a final ion state lqf) then becomes 2=q GAq)
(3) 4P:
where K = ( p o -p 1 1 = I p o -p 2 1 is the magnitude of the momentum transfer and q = l/lpl-p21. The structure factor G f ( q ) is the momentum space overlap between the initial target state /To) and the final ion state lYf), and is most conveniently written as a reduced matrix element using a second quantised notation (Mitroy et a1 1984,
The operator ad is a second quantised annihilation operator, Jo is the angular momentum of the initial state and +;(q) is the momentum space representation of a singleparticle orbital. The total strength W, (4) of the transitions belonging to a particular symmetry manifold M is This provides a natural definition of the spectroscopic factor or pole strength for a particular manifold, S,,(q) = G,(q)/ WM(4).
By definition, the spectroscopic factors satisfy the sum rule
Experimental arrangement
The apparatus used for these experiments is almost identical to that used for previous EMS experiments (Cook et a1 1984, McCarthy and Weigold 1985) , apart from the oven used to make the lead vapour, so only a brief recapitulation will be given here. One major change has been to replace the deceleration lens for each electron analyser by a five-element lens, similar to that described by Kevan (1983) , which allows adjustment of the acceptance angle. In the present work the latter was fixed at A 0 = A 4 = 1" full width.
A differentially pumped electron gun provided an electron beam of approximately 50 p A, which passed vertically through a water-cooled stainless steel target chamber. A crossed beam of atomic lead vapour effused from an oven nozzle and condensed on the opposite wall of the target chamber. The two outgoing electrons were detected in coincidence after energy analysis in twin hemispherical electron spectrometers, which had position-sensitive microchannel plate detectors mounted at their exits in order to allow a range of energies to be measured concurrently. The resistively heated oven was constructed from non-magnetic stainless steel (type 310) and was filled from the rear with approximately 2 cm3 of 99.9% pure lead before being welded shut. The nozzle (0.7 mm diameter and 10 mm length) was heated independently and maintained at a temperature of about 700 "C, 200 "C hotter than the body of the main oven chamber. Radiation shields and water-cooled copper baffles were placed around the oven to minimise heat loss and also to prevent excessive heating of the nearby channel plates, the gain of which was found to increase markedly with temperature. On several occasions, excessive heating of the electron detectors resulted in malfunctions of the detectors. This problem was corrected before obtaining the results reported here.
Binding-energy spectra spanning the energy interval 5-32 eV were measured at each of nine azimuthal angles + = r -4' -d2 ranging from -0.25 to 20.75'. The data were obtained in a binning mode in which the entire spectrum was windowed across the microchannel plates, so that each part of the spectrum was collected for an equal time on each part of the channel plates (Cook et a1 1986) . Momentum distributions were extracted from sequentially obtained angularly correlated binding-energy spectra in order to maintain relative normalisations. In any run the binding-energy spectra at the different azimuthal angles were scanned repeatedly over the whole angular range. The operating conditions were Eo = 1000 e V S separation energy, E, = E, = 500 eV and 0 = 45", while 4 was varied. The momentum resolution was approximately 0.10 au, while the energy resolution was 1.2 eV FWHM. The experimental energy resolution function was obtained from accurate measurements of the He(e, 2e)Het ground-state transition.
The positions of the main peaks for the various valence transitions were known from previous PES work (Suzer et a1 1975 , Sandner et a1 1980 , Suzer 1980 , Derenbach et a1 1984 . The momentum distributions were determined for the various transitions by using the known energy resolution function and calculating the fitted areas under the corresponding peaks in the separation energy spectrum curves at each out-of-plane azimuthal angle 4, and then relating 4 to the ion recoil momentum and hence to the electron momentum (McCarthy and Weigold 1976).
Results and discussion
The separation-energy spectra summed over azimuthal angles qh = -0.25,0.75 and 1.75" (corresponding to an average q = 0.09 au) and 3.75, 5.75 and 7.75" (corresponding to an average q = 0.45 au) are depicted in figure 1. Owing to a faulty leak valve, a very small amount of xenon previously used for calibration purposes leaked into the interaction region during the course of the experiment. This gave rise to some structure at around 12 eV for the xenon 5p-' transition and at 23.4, 28.0 and 29.1 eV and above for the 5s-' transition. Since the relative strengths of these transitions have previously been measured in detail at 1000 eV for different azimuthal angles (Cook et a1 1986) the data could be fully corrected for the small xenon contribution.
The structures at 7.4 and 9.2 eV may be identified as transitions to the Pb II 6~112 and 6p3,, states respectively. Although the two peaks overlap to some extent, the 6p,,, : 6~112 intensity ratio could be extracted by a fitting procedure using the known instrumental energy resolution function and the known energies of the states. The value of this ratio was found to be 0.072 * 0.006 when using the data summed over all azimuthal angles and 0.059*0.006 by summing over those angles where the cross section is large (qh S 7.75"). This is direct evidence that neither LS nor JJ coupling provides a correct description of the Pb I ground state. A model based on LS coupling, which assumes that the target configuration is 6s26p2 3PE, gives a value of 0.50 for this ratio, while pure JJ coupling would imply a value of zero. The simplest realistic description of the target requires a two-configuration wavefunction, namely
The expansion coefficients a and 6 were determined to be 0.9625 and -0.2711 respectively from a MCDF-OL (multiconfiguration Dirac-Fock optimal level) calculation and 0.9619 and -0.2735 from a MCDF-EAL (extended average level) calculation. Both of these calculations were performed with the aid of the Oxford MCDF program (Grant et a1 1980) . In the MCDF-OL calculation, the radial forms of the 6pIl2 and 6~312 orbitals were varied to minimise the energy of the Pb I ground state. In the MCDF-EAL calculation, the 6~112 and 6~312 orbitals were varied to minimise the trace of the Hamiltonian for the 6s26p2 manifold, after which the 2 x 2 Hamiltonian corresponding to J" = Ot was diagonalised. These calculations imply that the momentum-dependent branching ratio, in the absence of final-state configuration interaction effects, is
The value of a was 0.07933 and 0.08085 for the MCDF-OL and MCDF-EAL calculations respectively. Since the radial forms for the 6p orbitals, and in particular the 6~312 orbitals, are different for the two calculations, we do not expect them to give similar results for the branching ratio even though the number a is almost the same in both cases. This is quite evident in figure 2, where the momentum dependence of the 6p31r : 6p,,, branching ratio for the MCDF-OL and MCDF-EAL wavefunctions is depicted. The relativistic theories give branching ratios which are clearly q dependent. This can be contrasted with non-relativistic H F theory, which gives a ratio of 0.5 irrespective of Momentum (ou) the value of the recoil momentum. The present measurements are not accurate enough to allow reliable ratios to be determined at every azimuthal angle, i.e. at every q value.
However, as stated earlier the summed data for 4 s 7.75" gave a ratio of 0.059 * 0.006, whereas the complete summation of the energy spectra over all angles gave a branching ratio of 0.072 * 0.007. The weighted mean of the q values in the first instance is 0.35 au, while for all the data it is about 0.55 au. Although the calculated branching ratio is slightly larger than the experimental value, the slight trend for the branching ratio to increase with q is reproduced by the MCDF-OL calculation. The MCDF-EAL calculation is a poor representation of the data. The curve labelled C I is the result of a large-basis C I calculation of the overlap function, and will be discussed later. Derenbach et a1 (1984) measured the photoionisation branching ratio for these transitions at the quasi-magic angle for 40eV photon energies and found it to be 0.051 * 0.006. They also determined a theoretical estimate by correcting a Dirac-Slater calculation of Manson er a1 (1983) . The latter calculation assumed statistical occupancies of the 6p shell, so it is not surprising that the value of 0.8 calculated by Manson er a1 (1983) for the branching ratio is much larger than the experimental value. When this was corrected by using a MCDF calculation (giving results quite similar to the ones we quote) in order to incorporate the non-statistical occupancies, Derenbach er a1 (1984) obtained 0.029 for the calculated branching ratio. It is not surprising that exact agreement for the photoionisation branching ratio is not achieved, since interchannel coupling at photon energies of 40 eV will be quite strong. In addition, the experiments were performed close to a Cooper minimum, so any channel coupling effects would have been accentuated. Suzer er a1 (1975) obtained 0.071 for the branching ratio using He I radiation. In this case the outgoing-electron kinetic energies are even lower and any quantitative comparison with theory is made very difficult.
The momentum profile for the two (summed) transitions to the 6p-' ion states is shown in figure 3 . The theoretical profiles obtained from the MCDF-OL wavefunction and a non-relativistic H F wavefunction (the Pb I 6pz 'P: state) are depicted on the same graph. The data, which have been height normalised to the MCDF-OL momentum profile, are in good agreement with that momentum distribution but in poorer agreement with the distribution given by the non-relativistic H F wavefunction (which has also been height normalised to the MCDF-OL momentum profile).
The structure arising from the ejection of an electron from the 6s subshell is also seen (figure 1) to be strongly split, with the primary peak occurring at 14.6 eV and a strong satellite at 18.4 eV. The momentum distributions for these two transitions are shown in figure 4. They are identical and correspond to the momentum distribution of an 1=0 electron. Although the data are not absolute, relative normalisation with the 6p-' cross section (figure 3) has been maintained. Also shown in this figure are the momentum distributions given by the Hartree-Fock (broken curve) and Dirac-Fock (full curve) 6s orbitals. Once again, the Dirac-Fock momentum distributions give a better description of the data than the Hartree-Fock ones at low momenta (< 1.0 au). At high recoil momenta, distortion effects become important and the PWIA underestimates the experimental cross section. This has been discussed in some detail by Cook et a1 (1986) for the case of the lighter element xenon, where the distorted-wave impulse approximation (DWIA) was shown to be valid at 1000 eV. In particular, the increase of the cross section at high momentum is accurately modelled by the DWIA. A full DWIA calculation was not possible for lead with the available computing power because of the relatively diffuse nature of the 6s and 6p orbitals in coordinate space.
It is possible to use a relatively simple structure calculation to verify whether the mechanism responsible for this splitting is final-state configuration interaction ( FSCI). Assuming that orbital relaxation effects are minor, we expect that a frozen-orbital CI calculation including the three J" = f ' 6s6pz-type configurations will provide a reasonable estimate of the relative intensities of the transitions to Pb 11 states. The 6s6p2 configurations are not expected to interact strongly with the 6s2ns series. The results spectrum result from initial-state configuration interaction ( I S C I ) . The spectroscopic factors were all calculated by computing the target overlap with the two-configuration MCDF-OL state given by equation (8). We also used a single-configuration target state (6s26p:,2) to compute the overlap function. The resulting spectroscopic factors of 0.67, 0.33 and 0.00 provide further evidence that a single-configuration wavefunction provides an inadequate description of the Pb I ground state. It is not possible to compare the relative satellite intensities of the (e, 2e) bindingenergy spectrum directly with the corrresponding (3: e) spectra and expect exact quantitative agreement. The photoelectron experiments of Siizer (1980) and Derenbach et a1 (1984) were performed at ejected-electron energies ranging between 3 and 25 eV. At such low energies the 'kinetic energy' effect will have a considerable influence on the relative intensities. Moreover, the existence of a Cooper minimum in the 6s-' cross section at about 20 eV makes the extraction of quantitative structure information even more difficult. Since the (7, e) data were taken in the region of a Cooper minimum, it is not surprising that those transitions which are attributed to ISCI (cf = 15.61, 15.96, 16.06 and 16.58 eV) are of comparable magnitude to the 6s-' transition. These transitions are not detected in the (e, 2e) experiment because there is no mechanism which can enhance the strength of the ISCI satellites relative to the 6s-' lines.
While the results of our simple theoretical model indicate that our qualitative understanding of the EMS spectrum is good, we have also performed some CI calculations with a larger basis in order to test whether the discrepancies that exist can be reduced or eliminated. The scheme employed for these calculations uses orbitals generated by the Oxford MCDF program (Grant et a1 1980) as input for a general C I program using the m-scheme approach . The 6s and 6p orbitals (and also the 1s-5d core) were determined from a MCDF-OL calculation of the Pb I ground state. In addition, 7s, 7p and a orbitals (to allow for electron correlations) were generated by calculations on multiply ionised lead configurations. The 7s, 7p and 8s orbitals were determined via (frozen-core) calculations of the Pb 11 6s2nl states. All these orbitals were Schmidt orthogonalised in the order in which they are mentioned above.
Two sets of calculations have been performed with this single-particle basis. In the first (calculation I), only those configurations of the types 6s6p2 and 6s2nl were included in the C I space. The other calculation (calculation 11) was much larger. The configuration set for calculation I was used as a reference set, from which a basis was constructed by including those configurations which are formed by single and double excitations from the reference set into the 7s, 7p and a space. The spectroscopic factors for calculation I were computed by overlapping the ion wavefunctions with the MCDF-OL target wavefunction. When determining the overlap for the large-basis C I wavefunctions of calculation 11, it is necessary for consistency to compute the overlap, given by equation (4), between wavefunctions of equivalent complexity. Accordingly, the Pb I ground-state wavefunction was calculated in this instance in a C I space including all the allowable configurations formed by single and double excitations from the ground-state manifold into the 7s, 7p and 6d space. The results of these calculations are summarised in table 2.
The results of the calculations for the negative-parity manifold (table 2) exhibit almost no sign of FSCI. The theoretical spectroscopic factors in this table are evaluated at q values of 0.35 and 0.55 au, which correspond to the average recoil momenta of the data points. The spectrum is dominated by the transitions to the 6p-' states. The only other negative-parity Pb 11 state with any strength at all is the 6s27pI,, state at ------ Table 2 . Comparison of theoretical and experimental spectroscopic factors for the negativeparity manifold (i.e. including both fand $final states) and the J" =f' manifold. The spectroscopic factors for the negative-parity manifold were evaluated at 4 = 0.35 au (upper) and 4 = 0.55 au (lower), while those for the J" =f' manifold correspond to a 4 value of about 0.1 au. The experimental separation energies are quoted using compiled energy level data (Moore 1958) 16.64 eV, which is populated by relaxation effects. Even here, the small pole strength (= 0.01) makes it very hard to detect with the present energy resolution, since it lies between the two strong 6s-' lines. The only aspect of the calculation where inclusion of the complex relaxation and correlation effects of calculation I1 made any difference was in the determination of the 6p3/,: 6~112 branching ratio. A small reduction in the strength of the transition to the 6~31, state is seen from figure 2 to lead to a large reduction in the branching ratio. The curve labelled CI in figure 2, which is obtained from the overlap function formed from the target and ion wavefunctions of calculation 11, lies closest to the experimental data points.
The results of the calculations for the J" =I+ manifold reported in table 2 clearly demonstrate that the 6s6p2 configurations do not interact strongly with other Pb I I configurations. The spectroscopic factors given by calculation I are essentially identical to the results of the simple model described earlier. Only slight changes occur in the intensity distributions given by the larger calculation 11, which were determined at a recoil momentum of 0.1 au. While the spectroscopic factors of calculation I1 can in principle vary with the recoil momentum q, it was found in practice that the momentum dependence was extremely small. However, the redistribution of intensity that occurs when the basis size is enlarged gives improved agreement with experiment. The spectroscopic factor for the 18.4 eV transition is slightly increased, while that for the 20.3 eV transition is almost halved. Although the theoretical results are still not in exact agreement with the experimental data, it is pleasing that as the calculation was improved the discrepancies became smaller.
A further test of the validity of our structure calculation and reaction theory is the ratio of the total strength of the 6p-' transitions to the total 6s-' transition. When we compare the peak to peak ratio for the summed (i.e. primary plus satellites) strength of the 6p-' to 6s-' transitions we find that the experimental ratio of 0.52*0.013 is significantly different from the MCDF-OL ratio of 0.31 and the HF ratio of 0.27. Since distortion effects are known to cause significant deviations from the P W I A predictions in the rare gases heavier than helium (McCarthy and Weigold 1985 , Cook et a1 1986 , in particular lowering the relative strengths of the more tightly bound orbitals, it is not surprising that this ratio is not correct for the much heavier lead atom, where the observed 6s-' strength is considerably lower than that predicted by the PWIA.
The binding-energy spectra (figure 1) also show significant (although weak) structure in the region 24-26 eV. Suzer (1980) and Derenbach et a1 (1984) have observed structure above 24 eV in their photoelectron spectra. They observed states at 24.8 and 25.3 eV, with transitions to the latter state dominant. The 25.3 eV transition has been identified with the 5d5,* hole state and assigned to the configuration with symmetry J" = $+. The summed momentum distribution in the energy range 24.2-26.2 eV, shown in figure 5, resembles a mixture of the individual 6s and 5d5,, momentum distributions. The small xenon contamination gives rise to 5s-' transitions at 23.4 eV and at 28 eV and above (Cook et a1 1986) . These play no role in the energy region of interest. The observed momentum distributions have no simple explanation, although we note in passing that similar features have been observed in the only previous measurements of 1 = 2 momentum distributions (Weigold 1977 , Frost et a1 1983 , Giardini-Guidoni et a1 1979 . (figure 3) . The momentum distribution of the DF 5d5,, orbital is shown by the full curve. The broken curve shows the scaled momentum distribution given by the D F 6s,,, orbital.
Conclusions
We have completed an investigation of the structure of the valence subshells of lead and its ion using EMS. Although both relativistic and correlation effects have observable manifestations in the EMS spectra, the quantitative agreement obtained between the theoretical and experimental spectroscopic factors indicates that the dominant features in the spectrum are well understood. This is in contrast with the situation for the inert gases, where the most sophisticated calculations (Mitroy et a1 1984 , Cook et a1 1986 are not in quantitative agreement with the EMS or PES results. It might seem strange that the theoretical calculations for lead, with 82 electrons, are more accurate than those for a n inert gas such as argon with only 18 electrons. However, since lead is closer to the start of a major shell, it can be effectively modelled as a four-electron system. The inert gases are effectively eight-electron systems, so accounting for relaxation effects is more difficult. The fact that Pb I I 6s6p2 J" =it configurations do not interact strongly with any other configurations also makes lead easier to model than the inert gases, where the interaction between the nsnp6 configuration and the ns2np4(md+ Ed) ' S e series is very strong. The 6p and 6s momentum distributions in lead are accurately described by MCDF wavefunctions, whereas H F wavefunctions are inadequate. At high momenta, distortion effects become significant in the 6s momentum profile.
